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ABSTRACT: We describe the first coronoid nanographene 
C216-molecule. As an extended polycyclic aromatic hydro-
carbon (PAH) containing a defined cavity, our molecule can 
be seen as a model system to study the influence of holes on 
the physical and chemical properties of graphene. Along the 
pathway of an eight-step synthesis including Yamamoto-type 
cyclization followed by six-fold Diels–Alder cycloaddition, 
C216 was obtained by oxidative cyclodehydrogenation in the 
final step. The defined molecular structure with a cavity was 
unambiguously validated by MALDI TOF mass spectrometry 
and FTIR, Raman, und UV-Vis absorption spectroscopy cou-
pled with DFT simulations. 
Cycloarenes are macrocyclic conjugated compounds formed by 
circularly fused benzene rings, which enclose a cavity with in-
ward-looking carbon-hydrogen bonds. The history of cycloarenes 
goes back to 1987, when the first example with 12 benzene rings, 
Kekulene, was published by Staab and Diederich.1 Numerous 
theoretical studies have targeted, for example cycloarene aroma-
ticity, vibrational frequencies, and magnetic susceptibility,2 but 
Kekulene and cyclo[d,e,d,e,e,d,e,d,e,e]decakisbenzene3 were the 
only two physical examples. Three decades later, in 2012, the 
third example of cycloarene, namely septulene with 14 benzene 
rings, was reported by King et al.4 Investigations of the electronic 
and structural properties of these cycloarenes suggest π-electron 
localized sextets rather than delocalized aromatic systems, thus 
supporting Clar’s model over the so-called Kekulé structure.5 The 
known cycloarenes belong to the subgroup of primitive coronoids, 
having a hole surrounded by single band of hexagons, as opposed 
to the, up till this publication, theoretical coronoids with more 
bands of hexagons.6 The geometry of coronoid molecules can be 
generally understood as polycyclic aromatic hydrocarbons 
(PAHs) with a cavity of at least two hexagons.6,7 Extended PAHs, 
such as C42 (with 42 sp2 carbons; hexa-peri-
hexabenzocoronene),8 C60,9 C96,10 and C222,11 can be regarded 
as nanographene molecules, which hold promise for potential 
(opto-)electronic applications,12 and also serve as defined model 
structures of graphene.13 Recently, graphene with regular pores, 
which is called graphene nanomesh (GNM), has been  
 
FIGURE 1. Structures of Kekulene, cyclo[d,e,d,e,e,d,e,d,e, 
e]decakisbenzene, septulene, C222, and coronoid C216. 
demonstrated to have an open band gap, in contrast to zero-band 
gap graphene, highlighting the significant influence of the pore on 
the electronic features.14 The band gap of GNMs can be tuned by 
the diameter and density of the holes, showing p-type semicon-
ducting properties.15 The formation of coronoids by introducing a 
defined cavity in nanographene molecules could thus be an effi-
cient approach to modulate their optical and electronic properties 
without changing their external structures. Nevertheless, to the 
best of our knowledge, coronoid PAHs with more than one band 
of annelated rings have never been synthesized. Here, we report 
the first extended coronoid C216, containing 216 sp2 carbons, 
which can be viewed as C222 with a “hole” of approximately 0.6 
nm (Figure 1). The structure of C216 was unambiguously verified 
by a combination of matrix-assisted laser desorption/ionization 
time-of-flight (MALDI-TOF) mass spectrometry (MS) and FTIR, 
Raman, and UV-Vis absorption spectroscopic analyses, which 
were supported by theoretical studies. In particular, UV-Vis ab-
sorption spectroscopy and density functional theory (DFT) calcu-
lations on C216 and C222 elucidated considerable effects of the  
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aReagents and conditions: a) CuI, PPh3, Pd(PPh3)4, TIPS-
acetylene, piperidine, 62%; b) TBAF, THF, 78%; c) 2,3,4,5-
tetraphenyl-cyclopenta-2,4-dienone, o-xylene, 66%; d) FeCl3, 
DCM/CH3NO2, 84%. 
cavity on their (opto-)electronic properties, including a sizeable 
blue-shift of the absorption maximum of C216 and an increase of 
the HOMO-LUMO gap, compared with that of C222 (DFT: 0.4 
eV). 
The synthesis of coronoid C216 was carried out as shown in 
Scheme 1. 5,5’,5’’,5’’’,5’’’’,5’’’’’-Hexa-iodo-hexa-m-phenylene 
1b was prepared as previously reported,16 through nickel(0)-
mediated Yamamoto-type cyclization of 5,3''-dibromo-3,5',5''-tris-
trimethylsilyl-[1,1';3',1'']terphenyl, giving the hexatrimethylsilyl-
analoge 1a, followed by a treatment with iodine monochloride. 
The extension of 1b to polyphenylene dendrimer 4, which serves 
as the precursor of C216, was started with six-fold Hagihara-
Sonogashira cross coupling with tri(iso-propyl)silyl (TIPS)-
acetylene to afford hexakis-tri(iso-propyl)silylethynyl-hexa-m-
phenylene cycle 2.17 Subsequently, deprotection of 2 with tetra-n-
butylammonium fluoride (TBAF) yielded hardly soluble hexa-
ethynyl-cyclohexa-m-phenylene 3, which was subjected to mi-
crowave-assisted six-fold Diels–Alder cycloaddition with 2,3,4,5-
tetraphenylcyclopenta-2,4,-dienone to afford precursor 4. Poly-
phenylene 4 was purified via preparative recycling gel permeation 
chromatography (GPC) and unambiguously characterized by 1H 
and 13C NMR, H-H COSY(H-H correlation spectroscopy), H-H 
NOESY (H-H nuclear overhauser enhancement spectroscopy), H-
H TOCSY (H-H total correlation spectroscopy) and high-
resolution MALDI-TOF MS (Figures 2a, S4, S5-S9). All the 
proton signals could be assigned with the help of 2D NMR spec-
troscopy verifying the structure of 4. Finally, precursor 4 was 
“planarized” into C216 through oxidative cyclodehydrogenation 
using iron (III) chloride. The cyclodehydrogenation of dendritic 
precursors has been extensively studied over the last two decades, 
which allowed for the synthesis of a number of PAHs, including 
C222 as the largest example up to date.18 The cyclodehydrogena-
tion of precursor 4 was initially attempted with 5 equivalents of 
iron (III) chloride per hydrogen to be removed (5 eq./H), but 
MALDI-TOF MS analysis indicated that the planarization was not 
complete, apparently stalling with 3 bonds missing, even after 
stirring for 3 days. The loading of iron (III) chloride was thus 
increased to 7.5 eq./H, which led to the successful formation of 
C216 after stirring for 3 days, as verified by MALDI-TOF MS 
analysis showing a peak at m/z = 2640.3835, consistent with the 
expected mass of C216, i.e., 2640.3756 (Figure 2b). However, 
partial chlorination could not be suppressed, similar to the previ-
ous synthesis of extended nanographenes.11The isotopic distribu-
tion observed for the obtained C216 sample was in perfect agree-
ment with the pattern simulated for C216H48, corroborating the 
complete cyclodehydrogenation (Figure 2b, inset). Coronoid 
C216 was not soluble in organic solvents, which precluded char-
acterization by NMR spectroscopy or growth of single crystals. 
Nevertheless, further structural proof could be obtained by micro-
IR and micro-Raman spectroscopic analyses on powder samples 
of C216. Figure 3a shows the three characteristic IR bands associ-
ated to the C-H out-of-plane bending vibrations observed in 
C216. These are well accounted by DFT calculations which also 
reveal the associated nuclear displacements, localized on the three 
kinds of C-H bonds of C216 (see supporting information for 
details). The band measured at 786 cm-1 is mostly due to the 
collective bending vibration of the CH bonds located at the six 
outer vertexes of C216 and could be named as a TRIO mode, the 
band at 802 cm-1 is mostly due to the bending of the C-H bonds 
located along the six outer edges of C216 (DUO mode).19 Most 
importantly, the band at 857 cm-1 is due to the collective bending 
of the C-H bonds at the inner edge of the hole in C216 and thus 
constitutes a characteristic IR marker of this peculiar feature of 
the molecule. Although it is not conclusively mentioned in the 
literature, the “hole marker” peaks can also be found in the FTIR 
spectra of Kekulene and septulene.4,20 The Raman spectrum of 
C216 in the solid state (Figure 3c) shows the main expected fea-
tures of graphitic molecules, namely a structured D and G band.21 
The comparison between DFT calculations for C222 and C216 
highlights the presence of one mode in the D region (labeled with 
a star in Figure 3c)  
 
 
FIGURE 2. a) 1H NMR spectra of 4, b) MALDI-TOF spectrum 
of C216; inset: magnified spectrum showing isotopic distribu-
tion.  
Page 2 of 5
ACS Paragon Plus Environment































































FIGURE 3. a) IR spectrum of C216 (red) compared with DFT calculation at the B3LYP/6-31G(d,p) (blue). b,c) micro-Raman spec-
trum of a powder sample of C216 recorded with 514 nm excitation. The low wavenumber region (b) and the first order G and D 
peaks (c) are compared with results from DFT calculations at the B3LYP/6-31G(d,p). Calculations on the parent molecule C222 
are also reported for comparison (see text). 
 
whose nuclear displacements are more localized at the hole edge. 
Such a prominent Raman line, which is also experimentally ob-
served, is not seen in C222 and can be taken as a signature of the 
hole. Further signature features are identified in the low wave-
number region of the Raman spectrum, among which DFT calcu-
lations reveal the breathing mode of the hole (A-mode, Fig 3b). 
This is due to the contribution of two very close totally symmetric 
modes involving the collective contraction of the C-C bonds 
nearby the hole accompanied by the collective stretching of the 
outer C-C bonds.  
 
FIGURE 4. UV-Vis absorption spectrum of C216 in chloro-
benzene suspension (top) with its second derivative (bot-
tom). The arrows indicate the positions of the transitions 
determined by TD-DFT at the B3LYP/6-31G(d,p) level, which 
are also shown with black sticks whose length is proportional 
to the oscillator strength. The simulated absorption profile 
from TD-DFT transitions is also reported for comparison 
with experimental data. 
Albeit the insoluble nature of coronoid C216, its UV–Vis absorp-
tion spectrum could be measured from a chlorobenzene suspen-
sion by using an integration sphere (Figure 4). A closer look at the 
broad, nearly featureless absorption profile, by taking the second 
derivative, displayed subtle changes in the slope at 620, 520, and 
450 nm, which might correspond to different optical transitions 
(bottom panel of Figure 4). TD-DFT calculations on C216 at the 
B3LYP/6-31G(d,p) level indeed revealed doubly degenerate 
transitions at 613 and 519 as well as a cluster at 455, 439, 426, 
and 414 nm. This respectively corresponds to p-, β-, and β’-bands 
in Clar’s notation, and are consistent with the positions estimated 
from the experimental spectrum. In contrast, the absorption spec-
trum of C222 features a broad absorption with maximum at ~ 750 
nm.11 TD-DFT calculation reveals that the p-band, which is gen-
erally the one most related to the HOMO–LUMO transition in 
PAHs, blue-shifts by about 100 nm (0.3 eV), when comparing 
C222 (714 nm) with C216 (613 nm). 
Furthermore, DFT calculations on coronoid C216 and C222 gave 
more insight into the effect of the “hole”. The HOMO and LUMO  
 
FIGURE 5. HOMO and LUMO levels and HOMO–LUMO gap 
for C222 and C216 calculated by DFT at the B3LYP/6-31G(d,p) 
level (see supporting information for details). 
levels of C216 were revealed to be at –4.7 and –2.5 eV, respec-
tively, with a HOMO–LUMO gap of 2.2 eV while the HOMO and 
LUMO levels of C222 are reported to be at –4.5 and –2.7 eV, 
respectively, with a HOMO–LUMO gap of 1.8 eV.22 This result 
demonstrated that the introduction of the hole in the C222 disk 
increased the HOMO–LUMO gap by 0.4 eV (see Figure 5: de-
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 crease of the HOMO and increase of the LUMO by 0.2 eV), 
which is in agreement with the UV-Vis measurement (see sup-
porting information for the theoretical details, including the com-
parison of B3LYP, PBE0, and PBE functionals). 
In summary, the synthesis and characterization of the first multi-
layer coronoid C216 have been described. Investigations by 
MALDI-TOF MS and IR, Raman, and UV–Vis absorption spec-
troscopy combined with (TD-)DFT calculations provided an 
explicit structure proof. The FTIR and Raman spectra were stark-
ly modulated by the introduction of the cavity, compared to those 
of the parent C222 disk. Notably FTIR analysis of coronoid C216 
revealed a finger-print peak from C-H bonds inside the cavity, 
which can serve as a “hole marker”. Furthermore, the formation 
of coronoids offers a new approach to fine-tune the (opto-) elec-
tronic properties of nanographene molecules, as demonstrated by 
the increase of the HOMO–LUMO gap from C222 to C216. Such 
coronoids can also serve as model structures of GNMs, which 
would help elucidate the exact effect of the cavity on the graphene 
structure. 
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